Background: Some antibiotics induce the dissemination of their own resistance genes by interfering with the regulation of specific mobile genetic elements. In Tn916, subinhibitory concentrations of tetracycline activate the transfer of the element through an anti-attenuation mechanism that relies on the Tet(M) resistance protein, itself encoded by the element.
Introduction
The great promise provided by the discovery of antibiotics has been severely altered by our increasing failure to treat commonly curable infectious diseases. This results from the ever-increasing occurrence of antibiotic resistance in bacteria that follows the introduction of any antibiotic into therapy. 1, 2 During the past few decades, it has become clear that beyond their selective role, antibiotics can also exert various stimulatory effects on bacteria at subinhibitory concentrations, [3] [4] [5] including triggering mobile genetic elements involved in the horizontal transfer of resistance genes. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Nevertheless, the activation of mobile genetic elements by sublethal concentrations of antibiotics has solely been described in a relatively limited number of cases. We now know that excision and conjugative transfer of elements such as SXT are induced by antibiotics triggering the SOS response, 11 while transposition of Tn917 or excision and transfer of the conjugative transposons CTnDOT and Tn916 are activated by erythromycin and tetracycline, respectively, through mechanisms believed to be attenuation-based. 6, 7, 13 For Tn916, a complete regulatory model has been proposed ( Figure 1) . 13, 14 In brief, the transcriptional activity of the element is globally blocked because of a transcriptional terminator located in the orf12 leader region upstream of the tet(M) resistance gene. When tetracycline is present, a basal level of Tet(M)-protected ribosomes speed up the translation of orf12 RNA, catch up with the RNA polymerase and prevent the stem loop from stopping the transcription, which then continues through tet(M), orf6 and V C The Author 2017. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please email: journals.permissions@oup.com.
after. This generates an Orf9 antisense RNA that supposedly reduces the expression of the Orf9 repressor, therefore liberating the activity of the orf7 promoter (P orf7 ). Finally, the transcription wave emanating from P orf7 allows the expression of downstream genes including xis, int and the transfer genes (if Tn916 is in its circular form), which leads to an increase in the conjugative transfer frequency of the element by a factor of 10 or so. So far, our understanding of the regulation of Tn916 mostly relies on circumstantial evidence, and the behaviour of the element when exposed to alternative antibiotics other than tetracycline has yet to be explored.
The activation of mobile genetic elements by subinhibitory concentrations of antibiotics has been reported in a very limited number of element/antibiotic pairs. This scarcity probably reflects the difficulty arising from identification of the stimulating molecules but also from identification of their active concentrations. As shown here, such limitations can be circumvented when using screening approaches making use of concentration gradients rather than defined antibiotic concentrations chosen arbitrarily. Keeping this in mind, we initiated a broad screening involving 60 molecules, covering most classes of antibiotics, for their ability to activate promoters of mobility genes from various mobile genetic elements, including Tn916. Here we report the results obtained for the master promoter P orf12 controlling the transfer of Tn916. Unexpectedly, we identified several antibiotics activating the transfer of Tn916 even though the latter does not carry the cognate resistance determinants, and therefore does not provide any selective advantage against the drugs concerned. As discussed below, this apparent disconnection between the stimulator and the resistance encoded by the mobile element could be of prime importance when it comes to understanding, and even controlling, the epidemiology of antibiotic resistance.
Materials and methods

Bacterial strains and growth conditions
Escherichia coli strain DH5a 16 and derivatives were grown aerobically in LB medium (LB Broth Miller; Difco TM ) at 37 C, with agitation at 160 rpm for liquid cultures. Enterococcus faecalis strains JH2-2, 17 JH2-2::Tn916 18 and pSHlux::P orf12 -bearing derivatives were grown anaerobically in M17 medium (Biokar) at 37 C, in incubation jars (BioMérieux) for plates and without agitation for liquid cultures. Solid and soft agar media were prepared by adding 15 and 7 g/L of agar, respectively. When required, antibiotic selection was applied at the following concentrations: tetracycline at 10 mg/L, chloramphenicol at 20 mg/L and erythromycin at 10 mg/L for Tn916, pSHlux and pMG36e selection, respectively.
DNA manipulation and P orf12 reporter construction
Cloning experiments were carried out in E. coli strain DH5a using standard procedures. 16 Chromosomal and plasmid DNAs were prepared using a Wizard V R Genomic DNA Purification Kit and a Wizard V R Plus SV Minipreps Kit (Promega), respectively. The pSHlux reporter plasmid was constructed by cloning the pAmilux BamHI-PstI fragment containing the promoterless luxABCDE operon (improved for Gram-positive bacteria 19 ) into the E. coli-Gram-positive bacteria shuttle vector pIAb8 20 digested with the same restriction enzymes ( Figure S1 , available as Supplementary data at JAC Online). The 473 bp sequence covering P orf12 and its downstream attenuator was amplified by PCR using the Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific) with primers Porf12tn916BamHIF (CGCGGATCCGGTACTTGAAAAGAACGGGAG) and P2orf12tn916BamHIR (CGC GGATCCGGTAGTTTTTCCTGCATCAAC) providing terminal BamHI restriction sites (underlined sequences). The amplicon was further digested by BamHI and cloned into the unique BamHI site of pSHlux. The orientation of the insert was checked by PCR with primer pairs combining primer Porf12tn916BamHIF and the external primer qluxAR (GGGCTGTGGGAAGA ACAATA), hybridizing in luxA of pSHlux. The integrity of the insert was finally verified by sequencing (GENEWIZ UK Ltd, Takeley, UK) before introducing the recombinant plasmid pSHlux::P orf12 in E. faecalis strains JH2-2 and JH2-2::Tn916 for bioluminescence experiments.
Light emission assays on agar plates
Five mL tubes containing 4 mL of broth were inoculated with a single colony of one of the light-emitting E. faecalis reporter strains previously grown for 18 h on selective agar plates. Then, 500 lL of the culture was added to 5.5 mL of pre-warmed M17 broth (37 C), vortexed and allowed to stand for 5 min before adding 12 mL of pre-warmed M17 soft agar medium. The cell suspension was poured immediately on a 120%120 mm M17 agar square plate and air-dried for 15 min before receiving sets of antibiotic impregnated discs. Plates were incubated for 9 h at 37 C before the emission of luminescence was recorded using a CCD camera (NightSHADE LB985, Berthold). Maximum light emission signals surrounding each antibiotic disc, . Block arrows represent ORFs, with a colour code reflecting putative functional categories: blue for conjugative transfer, orange for site-specific recombination, green for transcriptional regulator and red for the master regulator system orf12-tet(M) encoding a leader peptide and the Tet(M) resistance, both involved in the attenuation control. Small brown broken arrows and T-shapes symbolize promoters and terminators, respectively. Regulatory circuits are indicated by dotted lines, while transcripts are indicated by long horizontal arrows. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
Tn916 transfer-promoting antibiotics JAC as well as local background luminescence, were determined using the IndiGO software (Berthold). Induction factors were calculated as signal-tobackground ratios.
Antibiotics used for light emission assays
Antibiotic impregnated discs were purchased from Bio-Rad Laboratories. Disc loads were as follows: amikacin (30 lg); ampicillin (10 lg 
Light emission assays in microtitre plates
E. faecalis strain JH2-2::Tn916(pSHlux::P orf12 ) was grown for 18 h in a 5 mL tube containing 4 mL of M17 broth. The culture was washed twice by centrifugation (3000 g, 5 min) with pre-warmed M17, then diluted 1:36 and dispensed in 195 lL aliquots in 96-well clear bottomed black microtitre plates previously filled with 5 lL of dilution series of antibiotic solution to test (alternatively 3/4 and 2/3 dilution steps). After 9 h of incubation at 37 C, light emission and OD 600 were recorded using a VICTOR3 Multilabel Counter plate reader (Perkin-Elmer). Luminescence values were normalized to the corresponding OD 600 , averaged among quadruplicate experiments and divided by what was obtained for the untreated control to obtain induction factors.
MICs
E. faecalis strains were grown for 24 h in M17 broth, diluted 1:1000 in the same medium, and 4 mL aliquots were distributed in 5 mL tubes where they were supplemented with various dilutions of antibiotics. Growth was recorded after another 24 h incubation period at 37 C and MIC was determined from three independent replicates as the lowest concentration at which no growth was observed.
Filter mating assays
Conjugation assays for Tn916 were carried out using strain E. faecalis JH2-2::Tn916 as donor and strain E. faecalis JH2-2(pMG36e) as recipient, for which the non-transferable plasmid pMG36e 21 was used to provide a means for selection (ERY R ). Both donor and recipient were cultured at 37 C for 18 h in M17 broth, with subinhibitory concentrations of antibiotics for the donor, in fully filled flasks and without agitation to prevent aeration. The cultures were washed by centrifugation (3000 g, 5 min) with pre-warmed M17 and optical cell densities were adjusted to OD 600 " 2.0. One mL of each strain was mixed, filtered on a 0.45 lm pore size cellulose nitrate filter (Sartorius, Germany) and finally rinsed by filtering an additional 100 mL of sterile warm water. Filters were placed on M17 agar plates and incubated for 4 h at 37 C anaerobically. Bacteria were then dispersed and serially diluted in M17 broth before being spread on M17 agar plates with the appropriate antibiotic selection (tetracycline or erythromycin and 
Results
Antibiotics activating expression from the Tn916 master promoter P orf12
In this work, we opted for a screening approach based on promoter-reporter fusions to monitor the expression of the Tn916 master promoter P orf12 when exposed to various antibiotics. A 473 bp sequence covering both P orf12 and the tet(M) attenuator was amplified by PCR and cloned upstream of the luxABCDE reporter genes of vector pSHlux specially designed for Gram-positive bacteria ( Figure S1 ). The construction was introduced in E. faecalis strains JH2-2 and JH2-2::Tn916 to consider the involvement of any possible Tn916-encoded regulators. To avoid testing arbitrarily chosen antibiotic concentrations, the reporter strains were exposed to full concentration gradients using an approach inspired by J. Davies and coworkers. 22, 23 Briefly, each bacterial reporter strain was used to develop bacterial lawns on M17 agar plates, which were independently exposed to a series of antibiotic-loaded discs, thus enabling gradients to develop by diffusion in the agar. Both strains were exposed to 60 antibiotics covering most classes of antibiotics ( Figure S2) . Bioluminescence profiles were then recorded after a 9 h incubation period at 37 C, using a CCD camera device from which local maxima and background levels of luminescence could be recovered to calculate the luminescence induction factors associated with each promoter-antibiotic couple tested. The bioluminescence induction profiles obtained for the two P orf12 reporter strains show that tetracycline is far from being the only antibiotic able to relieve the attenuation mechanism controlling Tn916 mobility (Figure 2) . Indeed, significant induction could be observed for spectinomycin, as well as for several other antibiotics all belonging either to the tetracyclines or macrolides, lincosamides and streptogramin (MLS) groups. Interestingly, antibiotics from the tetracycline group were the only ones to induce an attenuation relief conditioned by the presence of Tn916 as expected if Tet(M) is to take part in the regulatory process by protecting the ribosomes. Indeed, antibiotics of the MLS group, and mostly the lincosamides and streptogramins, were equally able to promote the expression from promoter P orf12 both in the presence and in the absence of Tn916. This observation demonstrates that Tet(M), or any other Tn916 component, is dispensable for controlling the transcription from P orf12 , which challenges, at least partially, the current regulatory model proposed for Tn916 mobility, 13, 14 as far as antibiotics other than tetracyclines are concerned.
Effective subinhibitory concentrations of P orf12 -inducing antibiotics
Even though the imaging-based screening method can efficiently reveal activating antibiotics, it does not allow determination of the active concentrations of such antibiotics. This was further explored by luminescence tests in microtitre plates after exposing E. faecalis strains JH2-2::Tn916(pSHlux::P orf12 ) to dilution series of selected antibiotics, namely: spectinomycin (for the aminoglycoside group), tetracycline and doxycycline (for the tetracycline group), and lincomycin and clindamycin Scornec et al.
(for the lincosamide group). The bioluminescence curves obtained confirmed the inducibility of P orf12 by all five selected antibiotics, with an induction factor ranging from two to three orders of magnitude, the highest levels being reached by the lincosamides (Figure 3a) . Overall, the induction of P orf12 appears to occur over a broad range of antibiotic concentrations. Apart from spectinomycin, for which induction is confined within a range of concentrations covering two orders of magnitude, the other antibiotics remain active at concentrations covering more than three orders of magnitude without fully returning to background level. If the induction of expression from P orf12 was to reflect the induction of transfer of Tn916, it would mean that these antibiotics could induce the transfer of the element over a broad range of subinhibitory concentrations.
Induction of Tn916 transfer by P orf12 -inducing antibiotics
The effectiveness of the five antibiotics selected above to promote Tn916 conjugative transfer was further investigated using standard filter mating tests. In these experiments, the E. faecalis donor strain JH2-2::Tn916 was cultured in M17 broth supplemented with different subinhibitory concentrations of antibiotics, before mating with the E. faecalis recipient strain JH2-2(pMG36e) cultured without antibiotic. Transconjugants and parental strains were enumerated on selective plates after 4 h mating periods. The five antibiotics tested appeared to stimulate the transfer of Tn916 with maximum transfer frequency ranging from 40 to 2300 times the background level of transfer (Figure 3b ). The maxima of induction transfer were observed at slightly lower concentrations than those of the maxima of the corresponding P orf12 induction of expression (Table 1) . Nevertheless, as before, the transfer of Tn916 was induced by a range of antibiotic concentrations covering three orders of magnitude, apart from spectinomycin which displayed a narrower window of effective concentrations for transfer induction. In light of these experiments, it appears that tetracycline is far from being the sole antibiotic triggering the transfer of the element. This should now be extended to other antibiotic groups such as lincosamides, which are also able to induce Tn916 transfer at unprecedented levels and over a relatively broad range of subinhibitory concentrations. MICs were evaluated for E. faecalis strain JH2-2::Tn916 under conditions close to those used for inducing P orf12 or Tn916 transfer (Table 1) . Overall, all the induction maxima occurred within two orders of magnitude below MIC, signifying that Tn916 mobility is promoted at subinhibitory concentrations just past the toxicity level of the antibiotics concerned.
Discussion
Conjugative transposons Tn916 and T916-related elements (e.g. Tn925 and Tn1545) were previously described as presenting a unique feature where subinhibitory concentrations of tetracycline could promote the dissemination of their own resistance gene tet(M). [8] [9] [10] With a rapid screening tool, we demonstrated that Tn916 was in fact responding to a variety of antibiotics, mostly belonging to the MLS group, and to which it does not encode any resistance. In a recent study, the transcription of tet(M) from Tn916 was also pointed out as responding to sub-MICs of commonly used biocides, and the conjugative transposition of the element could be enhanced 5-fold by ethanol at 0.25%MIC. 24 In line with what Roberts and Mullany proposed, 14 the authors suggest that any compound slowing down the translation rate may lead to an increase in the cellular pool of charged tRNAs that should benefit unaltered ribosomes to catch up with the RNA polymerase and finally relieve the attenuation from the orf12 terminator (Figure 4) . Although this CAR  TIC  AMX  AMP  PIP  LEX  CTT  FOX  CFM  CTX  CRO  FEP  CPN  IPM  MEM  ATM  TEC  VAN  FOS  BCT  CST  PMB  SPT  STR  AMK  GEN  ISP  KAN  NEO  NET  TOB  TET  DOX  MIN  TGC  LZD  AZM  CLR  ERY  OLE  SPN  TEL  CLI  LCN  PTN  Q/D  MUP  FUS  RIF  NAL  OAD  PIM  CIP  NOR  MTZ  NIT  NTX SUL TMP Figure 2 . Induction profiles of promoter P orf12 when exposed to antibiotics. Induction was calculated as a signal-to-background ratio from bioluminescence assays on plates where antibiotics could diffuse in the agar to form gradients of concentration ( Figure S2 ). Possible internal regulation by Tn916 was considered by using two E. faecalis reporter strains, both derived from JH2-2, but with and without Tn916, respectively. Tetracyclines are known to interact with targets other than ribosomes, such as double-stranded RNA. 25, 26 This may be deleterious enough, together with ribosome inhibition, to prevent the inducing concentration being reached unless Tn916 provides the proper antibiotic resistance.
Regarding the transfer of antibiotic resistance genes, the broad inducibility of Tn916 could have serious consequences because it necessarily implies that the dissemination of resistance does not solely rely on the selection of mobile resistance genes by corresponding antibiotics. Indeed, we show here that, at subinhibitory concentrations, specific classes of antibiotics can trigger the mobility of a mobile element involved in the dissemination of unrelated resistance genes. On an epidemiological perspective, this means that the dissemination of antibiotic resistance genes is not necessarily linked to their selective pressure. Until now, only SOSresponding elements had been shown, in some circumstances, to be induced by DNA targeting molecules for which they did not carry any resistance genes. With Tn916, this disconnection between the stimulator and the transferred resistance genes is now extended for the first time to alternative regulatory mechanisms involving a range of antibiotic molecules targeting ribosomes. In this study, we also show that some antibiotic groups appear more effective than others in inducing the mobility function of Tn916, which highlights a concept of molecule-associated risk, when it comes to considering resistance dissemination. In this respect, a more exhaustive antibiotic screening, involving mobility functions from alternative mobile elements, should allow definition of whether this risk is generally associated with specific molecules or if it varies from one mobile element to another. Finally, and as far as Tn916 is concerned, the more effective concentrations of antibiotics appeared close to MIC levels, and it is tempting to suggest that such molecule-associated risks might be higher under therapeutic conditions than under environmental conditions where contaminating antibiotics are usually far more diluted. This should be taken with great caution, as environments frequently combine several contaminating antibiotics, and because, as seen (a) (b) Figure 3 . Effects of tetracycline and non-tetracycline antibiotics on the conjugative transfer of Tn916. (a) Induction of expression from P orf12 . Attenuation relief was measured by bioluminescence in microtitre plate assays using the E. faecalis strain JH2-2::Tn916(pSHlux::P orf12 ) exposed to subinhibitory concentration series of antibiotics. Error bars represent standard deviation from four independent replicated experiments. (b) Induction of Tn916 conjugative transfer. E. faecalis strains JH2-2::Tn916 and JH2-2(pMG36e) were used as donor and recipient strains, respectively. Filter mating assays were carried out after having cultured the donor bacteria in the presence of different subinhibitory concentrations of antibiotics. Small arrows along the x-axis indicate the MIC values of each antibiotic. TET, tetracycline; DOX, doxycycline; LCN, lincomycin; CLI, clindamycin; SPT, spectinomycin. Transfer assays were performed in three to four independent experimental series with overlapping ranges of antibiotic concentrations to reach accurate combined profiles. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC. Scornec et al.
with Tn916, the transfer of the element can remain moderately induced at antibiotic concentrations a few orders of magnitude below the maxima of induction, as observed for lincomycin and clindamycin for instance. Tn916 transfer-promoting antibiotics JAC
